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The effect of gas desorption from the solution with nucleation of gas bubbles is a process that allows to

improve fuel atomization in diesel engines. The advantage of such a process, which has been experimentally
proven, is a significant reduction in harmful emissions. The conducted research highlighted one of the
fundamental problems. This problem concerned the injection pump — it was necessary to design a new
construction that would be adapted to the desorption effect. The authors of the work proposed a construction
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based on a hypocycloidal drive. Due to the nature of the process, i.e. the use of exhaust gases dissolved in diesel
fuel, it was very important to analyze the volumetric losses of the compression process — this is the main goal of
this article. The authors proved that for the adopted design assumptions, the power of volumetric losses resulting
from compressibility is 0.25% of the power consumed by the pump.
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1. Desorption effect

For many years, the development of diesel injection sys-
tems has been associated with the continuous increase of
injection pressure [5, 16, 18,19 22, 23, 26]. The authors of
the study believe that the pursuit of higher and higher pres-
sures and overcoming the related problems is not the only
direction in the development of modern diesel injection
systems. It has been proposed that the spraying process can
be improved by introducing an additional physical factor
into the process. This factor is related to the properties of
the liquid-gas solution. This concept can be considered
innovative as it is based on adding a certain amount of gas
to the fuel. This gas is then dissolved in the fuel. This con-
cept assumes, with the appropriate injection pressure, striv-
ing to achieve an equilibrium state. During the injection
process, when a strong disturbance occurs, caused by the
lifting of the needle in the sprayer, the process of releasing
the gas dissolved in the fuel begins. This process was de-
scribed as the effect of gas desorption from the solution
with the nucleation of the gas bubbles — "desorption effect"
for short. The main advantage of such a process, which has
been experimentally proven, is a significant improvement
in atomization compared to standard high pressure common
rail injection systems. In addition, the injection pressure,
which is also a significant advantage of the concept, is kept
at a relatively low level, much lower than in modern com-
mon rail systems. This has an impact on the mechanical
relief of the system components, and thus also its durability.
This phenomenon can be compared to the opening of
a bottle of sparkling water — the feature of such a solution
when a pressure drop occurs is that the gas is released spon-
taneously from the entire volume of the liquid.

The determining factors for the occurrence and course
of the dissolution process are temperature and appropriate
pressure. Under normal atmospheric conditions, the influ-
ence of temperature is significant because the solubility of

gases in liquids is greater at lower temperatures [10]. The
second factor is particularly important as the gases are
poorly soluble in liquids, so it is necessary to subject both
fluids to high pressure. Given a constant temperature and
the fact that a liquid is an incompressible liquid, the amount
of gas that will dissolve in a given liquid is, in general,
proportional to the pressure of the gas. It results from the
Henry's law (1) valid for commonly used pressure values,
assuming the Bunsen absorption coefficient for a given
pressure.

Vgas =ay - Vop (1)

where: Vy,s — volume of desorbed gas in oil, V,; — volume
of oil, p — pressure of oil, ay — Bunsen’s absorption factor.

It is the process pressure that influences the absorption
coefficient — the higher it is, the higher the absorption (from
def. the penetration of one substance (atoms) into a contin-
uous-phase substance (gas, liquid)) — gas molecules is
greater. Henry's law also shows the volume ratio of the
phases, e.g. the ratio of the amount of dissolved air in the
oil to the volume of the oil-air solution exceeds approx. 20
times, at the pressure p = 20 MPa [6]. The equilibrium state
is then achieved, under a specific momentary pressure. By
increasing the pressure of the gas, the number of atoms
penetrating the liquid also increases. On the other hand,
when air particles dissolved in a liquid are in equilibrium
with air particles above the liquid, it is then a full state of
saturation. The state of equilibrium is the state of the equal-
ized thermodynamic potential of the resulting solution and
the gas phase. Such a state, in which all parameters remain
constant, is achieved with constant pressure. It is possible to
use the potential of the phenomenon when a negative pres-
sure gradient occurs, i.e. when a fuel solution with gas is
injected into the combustion chamber. The gas contained in
the liquid is then released. This spontaneous process is the
effect of lowering the thermodynamic potential with a sharp
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drop in the pressure of the solution, in which the implosion
of air particles takes place [11].

The effect of gas desorption from the solution with the
nucleation of the gas bubbles is shown in the Fig. 1.
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Fig. 1. The effect of gas desorption from the solution with the nucleation
of the gas bubbles — illustration

The mechanism of gas release from the solution during
an imbalance may occur in two ways. The reason is the
speed of the expansion process, i.e. the size of the pressure
difference of the state in which the equilibrium is main-
tained, and the lower assumed pressure. Thus, the greater
the pressure difference, the more dynamic the process be-
comes [11-13]. The low speed of the process causes that
the microbubbles that are formed, homogeneously distrib-
uted in the solution, expand and merge into the volume of
the liquid. At a later stage, they are released to the volume
occupied by the previously expanded gas. In contrast, in
a dynamic process, the gas also expands in the volume of
the liquid, but the microbubbles do not merge, creating tiny
areas throughout the volume of the solution. The accompa-
nying drop in pressure of the solution causes the gas in the
bubbles to expand. This causes the bubbles to expand and
create additional internal forces that act to break the liquid
intermolecular bonds. The effect is to break the atomic
bonds of adjacent particles, and thus the environment of the
expanded gas. The effect of such a dynamic process is
a noticeable turbulence of the entire volume. An illustrative
example of such a phenomenon is the opening of a car-
bonated drink bottle and the release of CO, from the satu-
rated solution.

The assumptions of the concept provide for the use of
engine exhaust gas that will be taken directly from the ex-
haust manifold. This approach has two advantages. The
first is that the exhaust gases are readily available in the
engine. The second important advantage is that the exhaust
gas has a significant amount of CO,, which dissolves very
well in liquids [2]. The research carried out so far at the
Poznan University of Technology has proven the possibility
of dissolving other gases in the fuel: air (oxygen) and CNG.
Experiences gained during research and literature data [14]
has shown that the most advantageous solution is to use
carbon dioxide, which dissolves in liquids, and therefore
also in diesel fuel, several dozen times better than, for ex-
ample, air. Kozak and his team realized the theoretical basis
and practical use of the desorption effect in combustion
engines [9, 16, 17]. With the assumed injection pressure of

35 MPa, the pressure increase rate was reduced by about
20% and the exhaust gas blackening was reduced by about
50%. Moreover, the tests carried out showed a reduction of
CO and HC emissions with a corresponding change in the
movement of the charge in the combustion chamber by
about 100%, and NO, emissions by about 20%.

The conducted research highlighted one of the funda-
mental problems. This problem was related to the injection
pump — the desorption effect is not possible with pumps
with camshafts. This is due to the fact that if the gas and
fuel were to be brought to the delivery section of the pump
during the suction stroke and the dissolving process in the
fuel was carried out during compression, the high pressure
pump would have to have radically different proportions
compared to the existing pumps. The considerations and
analyzes carried out in this area led to the need to create
a new pump design with compact dimensions. On the basis
of the tests performed, the authors proved that the optimal
pressure of fuel injection with gas, at which the desorption
effect occurs, is 60 MPa. It has been found that a positive
displacement pump of the piston type should be used,
which is essentially similar to conventional delivery sec-
tions, but with significantly different proportions due to the
presence of gas. This analysis led to the concept of the
hypocycloidal transmission.

2. Hypocycloid drive

The hypocycloid transmission (Fig. 2) consists of two
wheels — the larger wheel (R) has interior toothing and the
smaller wheel (r) has exterior toothing. Torque is applied to
the smaller wheel, making it turn, however the larger wheel
cannot rotate around its axis. The smaller wheel moves over
the circumference of the larger wheel, and any point on the
smaller wheel's radius moves in a curve called the hypocy-
cloid. To create the working drive of the pump, a special
case of a hypocycloid transmission with a gear radius ratio
of R/r = 2 was applied. This selection of gears makes it
possible to achieve resultant linear motion.

0° 90°

Fig. 2. Principle of operation of hypocycloid transmission

Using the above power transmission concept, the
pump’s design was created from the ground up. This solu-
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tion was patented. In this scope, several variants were pre-
pared, with 1 to 4 delivery sections. This article presents the
simplest of them, based on 1 delivery section (Fig. 3).

Fig. 3. Simplified model of hypocycloid pump presenting the most im-
portant components of the design: 1 — main shaft, 2 — countershaft, 3 —
toothed wheel, 4 — support, 5 — mandrel, 6 — mount, 7 — plunger

The innovative pump has a main shaft (1) to which
power is transmitted. A countershaft (2) is mounted in the
main shaft in such a manner that mutual rotation of both
components is possible. A toothed wheel with exterior
toothing is found on the countershaft and meshes with
toothed wheel (3), which is immobile and fixed to the
pump's body. Support (4) is a component that interacts with
the countershaft from the side of the delivery section.
Moreover, mandrel (5) is mounted eccentrically in the
countershaft, interacting with mount (6) via a bearing. The
plunger (7) and its guiding element, situated so that it can
slide within the cylinder of the delivery section, is fixed to
this mount. Both the main shaft, support and mandrel have
bearings (accordingly, (8-10) — Fig. 4).

Fig. 4. Hypocycloidal drive pump — cross section with marked bearings

The use of the desorption effect determined the design
of an atypical delivery section (Fig. 5). The main compo-
nents of the section are the cylinder and body. The piston’s
downward motion generates underpressure, which displaces
the ball and spring in the one-way gas valve. At this point,
the space above the piston is filled with gas that is sucked
in. Further downward movement of the piston uncovers the
channel feeding pressurized fuel, which is mixed with the
gas contained in the cylinder, simultaneously causing its
preliminary compression. The section is filled, which in-
creases pressure and closes the gas valve. Upward motion

of the piston closes the fuel feed channel and compresses
the mixture further, and during this time, the gas dissolves
in the fuel until an equilibrium solution is obtained. Com-
plete dissolution of gas in Diesel oil is possible thanks to
the large stroke of the hypocycloid pump. After the initial
pressing force on the spring in the one-way outlet valve is
surmounted, the solution is pumped into the high-pressure
line and then into the fuel rail.

diesel fuel

Fig. 5. Delivery section of hypocycloid pump: 1 — body of delivery sec-
tion, 2 — cylinder, 3 — section labyrinth seal, 4 — gas stub pipe, 5 — one-
way gas valve, 6 — one-way outlet valve

An important aspect when designing the pump was to
determine the dimensions of the delivery sections in which
the dissolution of exhaust gases in diesel fuel takes place.
For this purpose, it is crucial to determine the bulk modulus
and the coefficient of solubility of the solution of diesel fuel
and exhaust gas [24].

3. The bulk modulus and the coefficient of solubili-

ty of the solution of diesel fuel and exhaust gas

In order to properly design the delivery section and de-
scribe the processes taking place during pumping the fluid
in the high-pressure part of the pump with a hypocycloidal
drive, it is necessary to characterize the compressibility of
the fuel [1]. This case is complex because the fluid is un-
derstood here as gas and liquid, being separate media, and
the solution (being the liquid phase) resulting from their
combination. In order to create a solution of the fuel with
CO, or other gas, it is necessary to supply work to the sys-
tem in the form of pressure. In the pump, this is achieved
by the movement of the piston allowing the gas and liquid
to be compressed, thereby dissolving the gas in the liquid
fuel [25]. The gas and the liquid initially remain separate
media before the delivery stroke, this is due to the way
carbon dioxide and fuel are supplied separately to the deliv-
ery chamber during the intake stroke. The movement of the
piston towards the top position causes the gas to compress
isothermally. This character of the process was assumed
because the work is performed by the forces of the piston
drive, while the temperature is kept at a constant level be-
cause the gas gives off heat to the environment. A new
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cooling system is used in the pump, therefore, compression
is assumed by an isothermal process, and in the p-V dia-
gram, the isotherm assumes the function of a hyperbola
from the equation of state:

const nRT
=V =V )

The remaining volume of the delivery section occupied
by the solution is reduced, which is explained by the com-
pressibility of the liquid with general characteristics in
a simple form. Combining the two graphs obtained, it can
be concluded that the gas compression process turns into an
asymptotic compressibility function of the resulting solu-
tion. On the other hand, the transition point from one func-
tion to another is the end point of the process of dissolving
gas in a liquid, and thus creating a solution. The process of
liquid compression can be described by an index that char-
acterizes it. The compressibility factor B is defined as the
degree of susceptibility of a fluid to volumetric deformation
and pressure changes, disregarding the conditions under
which measurements are made, i.e. changes in temperature
or entropy:

B= —va ©

The bulk modulus of the solution B is the reciprocal of
the compressibility coefficient:
1

B=3 4)

Inserting into the previous equation, the bulk modulus
of the solution is described as follows:

— _ydr
B= -V, (%)

the sign "-" only defines the direction of volume changes
under the influence of the acting pressure.

Another important parameter to consider in the desorp-
tion effect is the coefficient of solubility. The solubility of
gases under normal atmospheric conditions is low, howev-
er, when two independent parameters of temperature and
pressure change, the determination of the degree of gas
solubility in the liquid turns out to be important. The quan-
tity by which it is possible to determine the amount of gas
dissolved in a liquid is the quantity ¢, meaning "the number
of grams that is dissolved in 100 g of pure solvent at a giv-
en temperature, when the total pressure (partial pressure of
saturated vapor above the liquid) at the absorption tempera-
ture is 760 mm Hg" [21]. Using two interdependent pro-
cesses occurring during the stroke of the pump piston;
compressing fluids and dissolving a gas in a liquid; can
physically describe the degree of solubility and its course.
Thus, in the formula for the modulus of compressibility (5),
it can be assumed that changes in volume V (p) are related
to pressure changes [8]. According to this condition, the
modulus of compressibility (6) can be written as follows:

v _  dp
i (6)

On the other hand, the modulus of compressibility de-
pends on the changes in pressure B (p):

B(p) = ap-p+by (7

and
B(p)zar'p2+br'p+cr (8)

where the relationship (a) together with the coefficients a0
and b, relates to the compressibility of the liquid-diesel
fuel, while equation (b) and the coefficients ay, by, c; to the
compressibility of the solution — diesel fuel with gas. The
changes in the coefficients taken from the literature are
presented in the curves in the diagram (Fig. 6).
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Fig. 6. The bulk modulus B of the mixture of diesel oil and gas, a — rela-
tive gas volume in the pumping chamber, p — pressure [4]

The course of the pressure-dependent gas solubility
curve is similar to the course of the value of the solution
compressibility modulus according to the formula (8).
Thus, it was assumed that the pressure-dependent gas solu-
bility coefficient in diesel fuel is described by the equation:

q=a, p*+a;-p+a, 9)

4. VVolumetric losses of the compression process

A hypocycloidal pump designed to dissolve gas in a lig-
uid has losses due to the operating characteristics and com-
pression of these two fluids. All losses translate into the
values of the torque obtained on the drive shaft and the
power loading the engine that drives the pump. The power
that the pump draws from the source (electric or combus-
tion engine) is the sum of the individual values: power
output of the pump Pp,, the power of pressure losses APpp,
the power of volumetric losses of leaks APpy, the power of
mechanical losses APpr, and the power of volumetric com-
pression losses of the fluid APp,, which are described by
the equation [20]:

APPC = ppu + APPp + APPVI + APPm + APPVC (10)

In the above formula, it can be seen that in order to de-
scribe the effect of pumping a liquid and a gas, both fluids
being compressed to a certain extent, it is necessary to
characterize the volumetric compression losses of the fluids
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— they result from the compressibility of the liquid and gas
and the solution formed from the dissolved gas in this lig-
uid. On the other hand, gas dissolved in diesel fuel does not
change its compressibility. Such losses are closely related
to compression and do not depend on the mechanical design
of the pump. They are part of the results of actual meas-
urements of volumetric leakage losses and should be taken
into account even though their values are small.

The starting point for assessing the power of volumetric
losses is the description of the pump efficiency losses gpve,
which reduce the active volume of the fuel pumped during
one revolution of the shaft (here full piston stroke) in rela-
tion to the theoretical volume qp: — of the entire section.
The reason for this process is the compressibility of the
liquid.

Using the simulation of the dynamic operation of the
unit, the pump efficiency losses were determined using the
theoretical method, so the following input parameters were
assumed: pressure generated by the pump 1500 bar, fuel
pressure from the low-pressure side 8 bar, rotational speed
of the drive shaft 1500 rpm and fuel filling 75%. To deter-
mine the volumetric losses of the pump efficiency per one
revolution of the drive shaft, which are the result of the
compressibility of oil and gas, an analysis was used in [7].
The compressibility modulus of diesel oil is characterized
by the relations (4) and (5) and, assuming a low compressi-
bility of diesel oil, similar to that of hydraulic oils (Fig. 6),
it can be described by the dependence of changes in pres-
sure and temperature

B = Bpp, —0.8mpa;r=20°c (1 + a,AP,; + apAT) (11)

After the gas was sucked in and the fuel was supplied,
the pressure in the pumping chamber was assumed as pp1 =
0.8 MPa and that the process took place at a temperature of
T = 20°C. According to [3] coefficient of increase B with
increase in pressure a, = 0.005/1 MPa and decrease coeffi-
cient B with increase in temperature ar = —0.005/1°C. The
initial value of the bulk modulus was also assumed from the
diagram (Fig. 6) as:

Bpp, —0.8Mpa;T=20°c = 1300 MPa (12)

However, in further analysis, a own coefficient was pro-
posed ¢ = V,/V,. This coefficient determines the ratio of the
gas volume V, in the delivery section to the fuel volume V,
contained in it when the section is filled. This is due to the
fact that the gas volume cannot be neglected here in general
in the release concept (14). However, the total volume of the
section is: Vo = V, + V,. The volume of diesel and gas is
reduced by the difference AV under the pressure increase
Appi, which gives the following equation [7]:

Va

Va

AV 1 Vo
=V, | =+ —2— 16
App (B pp1+App1) (16)

From the dependencies (4) and (5) and the assumption
that B 'replacement module — defines the solution:

AV = —B'VoAP,; (A7)
NS
2Py B "0 (18)

By combining two equations and further simplifying:

Va
1, 1 Vo
EVO —_ VO (B + —pp1+Appi) (19)
v Va
t_Yo(ly_ Vo
E ~ Vo (B + pp1+Appi> (20)
= (l ) (21)
B/ V0+Va B pp1+App,
V0+v,—31 ( Pp1+App1> (22)
A__t (L Vo
B/ 1+:,’—:;1 (B + pp1+Appi) (23)
By introducing a new factor:
Y
=3 (24)
Giving finally:
1__1 (2 @
B 1+@ (B + pp1+Appi) (25)

The resulting dependence of the compressibility coeffi-
cient can be made dependent on the initial conditions for
which the bulk modulus (11) and (12) were defined:

1 1 1 [0}

B’ 1+¢ | B Pp1+ApPpi )
. p1 pi
Pp1=0A8MPa;T=20°C(1+apAppl+aTAT)

To sum up, the compressibility modulus of diesel oil
and gas was made dependent on the pressure indicated in
the piston pump and the temperature of the fuel itself.
However, it is somewhat inaccurate, because the equation
has a slight error in not taking into account the dissolution
of the gas, i.e. reducing its volume in favor of the liquid.
Returning to the previously defined parameters for a pump
with a hypocycloidal drive, determining the efficiency
losses resulting from the type of the pumped liquid (differ-
ences in compressibility of fluids) may give greater possi-
bilities in terms of precise metering of injected fuel doses.
On the basis of the derived formula (26), the curves of the
bulk modulus B ' for different volume ratios ¢ gas — diesel
oil as a dependence on the indicated pump pressure Apy;
were determined for this case (Fig. 7).

The line ¢ = 0 is the course of the diesel fuel compress-
ibility modulus without gas, i.e. with 100% full fuel filling.
The line ¢ = 0.33 means that it is 75% filled with fuel, and
25% is filled with exhaust gas. The fuel volume in the latter

Vo _Va )
AV = AV, + AV, = App; + Ay (13)
Our own steps have been followed since:
AV # AV, (14)
this:
Va
AV = VyAp,; [+ + —L0 (15)
Pi\B Pp1+Apy;
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case is lower than at ¢ = 0, thus the pump capacity is lim-
ited in relation to the fuel. The difference lies in the degree
to which the working chamber is filled with fuel. The bulk
modulus curves in the diagram (Fig. 8) have a certain dif-
ference Ax in the course for each indicated pressure. This is
due to the greate compressibility (B = 1/B") of the mixture at
@ = 0.33, i.e. the gas itself than diesel fuel without flue gas
(@ = 0). The vertical red line (exemplary) specifies for the
curve ¢ = 0.33 the pressure at which exhaust gas is com-
pletely dissolved in diesel fuel. Up to this point, the graph
follows the equation (26), which means the simultaneous
compression of gas and liquid. Further, the equation takes
the form for diesel fuel with gas (¢ = 0.33):

(@7)

11 ( 1 ® )
Br 1+¢ \Bpp,=10MPa;T=20°C  Pp1+4Ppi
2000
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Fig.7. The bulk modulus B depends on the indicated pressure of the pump,

where ¢ = 0 means pure diesel oil, ¢ > 0 means diesel fuel with gas in

certain ratios, ¢ = 0.33 determines the volume ratio for the example of
a hypocycloidal pump
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Fig. 8. The bulk modulus B ' depends on the indicated pressure of the
pump, where ¢ = 0 means pure diesel fuel, ¢ = 0.33 determines the ratio
of the gas volume V. to V, for the simulation of a hypocycloidal pump

At the end point of dissolution (V, to V,) of the exhaust
gas in diesel fuel, the denominator of the volumetric ratio
V./V, = 25/75 tends to 100, but does not reach it. This is
due to the fact that the gas having greater compressibility
dissolves, while at the same time it is compressed to
a greater extent than the compression of the liquid. Thus,
the volume of the solution does not reach the value equal to
the volume of diesel fuel alone (when ¢ = 0). It can be
noticed that at the same point the gas volume V, approaches

zero (dissolution of exhaust gases in the liquid), then ¢ also
reaches zero, so the equation simplifies to:

== - +—2— ] (28)

Br  1+¢ | B (1+aAppi+aTAT) Pp1+APpi

Pp,=10MPa;T=20°C

It is a definition of the compression of the solution, so
the curve further increases slightly, which may be omitted
in the following calculations. At the point where dissolution
occurs, the initial volume of the fuel is equal to the volume
of the solution due to the low compressibility of the liquid.

The next step is to determine the volume gp,. losses ac-
cording to the relationship [7]:

1
Apy. = dpe (57) APpi [cm/rev] (29)
where gp; is the theoretical working volume defined for one
revolution of the shaft in [cm®/rev] according to:
md? 10.632

QPVC=—'h=

4 4

-4 = 1.2462 [cm*/rev]  (30)

A graph (Fig. 9) of volumetric losses caused by com-
pressibility was obtained.
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Fig. 9. Volumetric losses caused by compressibility depending on the

indicated pressure of the pump, where ¢ > 0 means diesel fuel with gas in

certain ratios, ¢ = 0.33 determines the volume ratio for the example of
a hypocycloidal pump

On the other hand, the power of volumetric compressi-
bility losses, calculated by the formula (30), takes the fol-
lowing form [20]:

Pn
APpycpn = Qpycpn ", *Nppn = 36.8 W (31)
where: gpycpn — are volumetric compression losses where
for ¢ = 0.33 and 10 MPa (in which complete dissolution
occurs) are 0.300 [cm®/rev], P, — dissolution end pressure
10 MPa, npp,, — dissolution end pressure 10 MPa.

5. Summarizing

The authors of the study proposed to use the effect of
gas desorption from solution with nucleation of gas bub-
bles. As empirically proven, this process has a significant
impact on the engine's emissions. In addition, the use of
relatively low injection pressures allows the mechanical
stress relief of the high pressure pump components. The
concept of dissolving exhaust gases in diesel fuel is realized
by a sharp drop in thermodynamic potential, which results
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in a rapid release of gas from the solution. Thus, the de-
scribed mechanism causes the fuel droplets to burst from
the inside. It is therefore an additional factor supporting the
existing atomization mechanism. The implementation of the
process requires the creation of a new pump design, in
which the dissolution of exhaust gases in diesel fuel will
take place by means of a pressure section. The influence of
the bulk modulus and the coefficient of solubility of the
solution of diesel fuel and exhaust gas had to be analyzed.
However, this article focuses on the volumetric losses of
the compression process that take place in a hypocycloidal
pump.

It was proved that the power of volumetric losses in
compression of oil with dissolved gas for an indicated pres-
sure of 10 MPa and ¢ = 0.33, i.e. 25% of exhaust gases in

the delivery section, is 0.037 kW. As calculated in the
simulation, the total power consumed by the pump was 14.5
KW. Thus, the power of volumetric losses resulting from
compressibility is 0.25% of the power consumed by the
pump. It follows that the increase in the volume of gas and
its mass in the chamber causes greater losses of efficiency
resulting from compressibility than losses of efficiency
when the total volume is filled with fuel, i.e. at the time of
full expenditure. This is a slight value, but determined only
for the step of simultaneously compressing the liquid fuel
and the gas (exhaust) until it dissolves. Further compressive
losses of the liquid have higher values. The determination
of these losses can be used to verify the value of the leak-
age losses.
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